Introduction {#S0001}
============

Cancer is one of the leading causes of death in both economically developed and developing countries. Colon carcinoma holds the second most common cause of death among cancers.[@CIT0001] The wide catalog of biological therapeutics such as gene therapy, immunotherapy and cell therapy has been intensively developed for cancer treatment.[@CIT0002]--[@CIT0004] Among them, benefited from the progress of non-viral and viral vectors, gene therapy has demonstrated outstanding potential in cancer treatment owing to its high specificity and safety.[@CIT0005] Recently, several products have been approved for clinical application worldwide.[@CIT0006]--[@CIT0008] Despite much progress being achieved, developing novel therapeutic targets as well as nucleic acid agents is still in high demand.

As a natural product of gene, messenger RNA (mRNA) is a transient entity that mediates the translation of genetic information from DNA to proteins in cells. Previously, mRNA has been successfully applied as an alternative genetic molecule in the field of cancer immunotherapy and zygote-based biomedical research.[@CIT0009]--[@CIT0012] However, innate mRNA was previously considered to be unstable in both structural and expression level which somehow hinders its use as a therapeutic agent. The introduction of chemical modifications to mRNA, such as 5′ cap, 5′- and 3′-UTRs, the coding region optimization, and the poly(A) tail, has overcome the aforementioned obstacle,[@CIT0013]--[@CIT0015] which facilitates its application in gene therapy. Comparing to other forms of therapeutic nucleic acids, mRNA agents demonstrated several advantages. For example, mRNA does not integrate into host genome, avoiding aberrant transcription and insertional mutagenesis.[@CIT0016] Meanwhile, its expression kinetics is predictable and consistent,[@CIT0015],[@CIT0017] while nuclear localization is not required before rapid protein production even in dividing and hard-to-transfect cells.[@CIT0018],[@CIT0019] Furthermore, mRNA is only transiently active and is completely biodegradable via metabolic pathways.[@CIT0020] More importantly, IVT mRNA contains much fewer elements than plasmid DNA in structure when expressing specific genes, thus greatly reducing the delivery difficulty. Thus, these properties make mRNA a safe and attractive genetic material for gene therapy. However, despite these superiorities, only a limited number of attempts have been reported to apply mRNA in cancer gene therapy study. This might largely attribute to its restricted therapeutic targets and limited delivery methods.

As a core component, delivery system is one of the main obstacles of mRNA-based gene therapy. Conventional none-viral gene vectors are usually developed for the binding and transportation of plasmid DNA, while additional optimizations are required to further protect and condense mRNA molecule. As widely acknowledged, mRNA is single stranded with a flexible linear structure, presenting difficulties to form a nanosized particle with the given gene vectors.[@CIT0021],[@CIT0022] Thus, a strong condensation effect from delivery system is essential. Meanwhile, vectors with high delivery capacity are necessary to achieve efficient transportation of compressed mRNA complex. Moreover, the delivery efficiency also has much to do with the length of mRNA itself and the type of target cells.[@CIT0023],[@CIT0024] Therefore, the design and selection of ideal delivery system is critical for mRNA-based gene delivery. Survivin-T34A was previously reported to be a potent agonist of endogenous survivin, resulting in caspase-dependent cell apoptosis. Its anticancer effects have been well evaluated on several cancer models and the desired therapeutic efficacy was achieved.[@CIT0025]--[@CIT0027] In the present study, we attempted to deliver the survivin-T34A-encoded IVT mRNA with liposome-protamine lipoplex. Within this lipoplex, protamine was designed to condense IVT mRNA into nanosized particle and protect it from nuclease degradation in cytoplasm.[@CIT0028]--[@CIT0030] Meanwhile, cationic liposomes (CLP) act as a vector for transport the above complex. We assume that efficient delivery of survivin-T34A mRNA into C26 colon cancer cell could result in ideal anticancer effect. To our best knowledge, this is the first report about survivinT34A mRNA-based cancer gene therapy study.

In this study, we characterized the prepared liposome-protamine-mRNA particle. Its overall anticancer abilities were evaluated through both local and systemic administration. The efficacy and safety of CLPP/mRNA and its plasmid counterparts were further compared.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

DOTAP were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol and protamine sulfate were purchased by Sigma-Aldrich (St Louis, MO, USA). Other chemicals were purchased from Sigma-Aldrich unless otherwise noted. mMESSAGE mMACHINE™ T7 Transcription Kit and MEGAclear™ Transcription Clean-Up Kit, Lipofectamine^TM^2000, DMEM and serums were purchased from Thermo Fisher Scientific (Waltham, MA, USA). C26 *Mus musculus* colon carcinoma cell line and 293T human embryonic kidney cell line were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA). BALB/c mice were obtained from Beijing HFK Bio-technology Co. Ltd. (Beijing, China) and maintained under specific pathogen-free conditions. All animal procedures were approved and controlled by the Institutional Animal Care and Treatment Committee of Sichuan University and carried out according to the Animal Care and Use Guidelines of Sichuan University.

In vitro transcription of mRNA {#S0002-S2002}
------------------------------

A mMESSAGE mMACHINE™ T7 Transcription Kit was used to prepare survivin-T34A mRNA (mSur-T34A) by T7 polymerase-based in vitro transcription method. Briefly, the open-reading frame (ORF) of *Survivin-T34A* gene was amplified from pVAX1-survivin-T34A plasmid by PCR reaction with forward primer: TAA TAC GAC TCA CTA TAG GG (T7 promoter) A TGG GAG CTC CGG CGC TGC CCC A and reverse primer: GGG ATC TAG ATT AGG CAG CCA GCT GCT CAA TT. With PCR products as templates, the mRNA transcription process was conducted according to manufacturer's manual. The MEGAclear™ Transcription Clean-Up Kit was used to further purify transcript mRNA according to the manufacturer's instructions. The purified survivin-T34A mRNA was quantified by spectrophotometry and analyzed by agarose gel electrophoresis to confirm the synthesis of modified mRNA.

Preparation and characterization of CLPP/mRNA particles {#S0002-S2003}
-------------------------------------------------------

CLP were prepared according to our previous reports[@CIT0029] Briefly, DOTAP and cholesterol (1:1, mol/mol) were dissolved in chloroform and solvent was removed under rotary evaporation. The lipid film was rehydrated with distilled water under 50°C to form a CLP solution and stored in 4°C for further use. Liposome-protamine lipoplex was prepared to deliver IVT mRNA. Briefly, survivin-T34A mRNA was first incubated with protamine sulfate solution (1:1, w/w) for 10 mins. Then, CLPs were added to the mixture in a ratio of 1:1:1 (liposome:protamine:mRNA, w/w/w) followed by incubation at room temperature for 15 mins. The size distribution of liposome or CLPP/mRNA particle was characterized by dynamic light scattering (DLS) using a ZetaSizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). The morphology analysis of prepared particles was also examined via transmission electron microscope (TEM) (H6009IV, Hitachi, Tokyo, Japan).

Gel retardation assay {#S0002-S2004}
---------------------

The mRNA-binding ability of CLPP lipoplex was evaluated by agarose retarding assay. 1 μg of survivin-T34A mRNA was separately mixed with different mass ratios of CLPP as mentioned before. Electrophoresis was then performed on 1% (w/v) agarose gel stained with Golden View^TM^ for 30 mins at 120 V. Gels were visualized and imaged using ChemiDoc Imagers.

Cytotoxicity assay {#S0002-S2005}
------------------

293T cells were plated at a density of 1×10^4^ cells per well in 100 μL of DMEM medium. After incubation for 24 hrs, cells were treated with different concentrations of CLPP, polyethyleneimine (PEI25K), or Lipofactamine^TM^2000 (lipo2K) for 24 hrs. Subsequently, 20 mL of MTT solution was added to each well and incubated at 37°C for 4 hrs. The formazan was solubilized by adding DMSO and shaken for 30 mins. The absorbance was read at 570 nm by the Spectramax M5 Microtiter Plate Luminometer (Molecular Devices, Sunnyvale, CA, USA). Absorbance of untreated cells was considered as 100%.

Cellular uptake of CLPP/mRNA particles in vitro {#S0002-S2006}
-----------------------------------------------

C26 cells were seeded into 24-well plate at a density of 1×10^5^ cells per well 24 hrs before transfection. Enhanced GFP (EGFP) encoding mRNA (mEGFP, TriLink Biotechnologies, San Diego, CA) was purchased as a reporter gene to test protein expression. CLPP/mEGFP particles equivalent to 1 μg of mRNA or plasmid DNA encoding luciferase were added to each well in serum-free medium. PEI25K/mEGFP (1:1, mass ratio), Lipo2K/mEGFP (2:1, mass ratio) and equal amount of liposome or protamine were used as controls. Medium was then replaced with complete medium 4 hrs after transfection, pictures of each well were taken under a microscope and the transfection efficiency was determined by flow cytometry at different time point (NovoCyte Flow Cytometer, ACEA Biosciences, San Diego, CA, USA).

To detect the cellular internalization mechanism of CLPP/mRNA particles, C26 were pretreated with different inhibitors: chlorpromazine (10 μg/mL), amiloride (0.8 mM), wortmazine (8 μM), genistein (200 μM), M-β-CD (5 mM), cytochalasin D (10 mg/mL) or 2-deoxyglucose/NaN3 (DOG/NaN3, 50 mM/5mM). Transfection of CLPP/mEGFP particles was then performed for 4 hrs. 24 hrs post-transfection, the cellular internalization rates of CLPP/mEGFP particle in each group were determined by flow cytometry.

Antiproliferation assay {#S0002-S2007}
-----------------------

C26 cells were seeded into a 96-well plate at the density of 1.0×10^4^ cells per well. Cells were then treated with particles equivalent to 0.5 μg of mRNA or plasmid DNA encoding survivin-T34A. 24 or 48 hrs post-transfection, cells were subjected to MTT cell proliferation assay to measure cell viability. This assay was repeated three times independently.

Clonogenic assay {#S0002-S2008}
----------------

Clonogenic assay was utilized to evaluate the antitumor efficiency of CLPP/mSur-T34A particles in vitro. Particles equivalent to 2 μg of survivin-T34A mRNA or plasmid DNA was administered to C26 cells in 6-well plates. Cells were then cultured for another 10 days to form clones. For staining, colonies were washed with PBS and stained with 10% crystal violet blue at room temperature for 15 mins. The number of clones in each well was then counted. All results were defined by *t-*test.

In vitro apoptosis assay {#S0002-S2009}
------------------------

C26 cells were preseeded into a 6-well plate at a density of 2×10^5^ cells per well. Cells were then transfected with CLPP/mSur-T34A particles (2 μg mRNA per well), CLP/pSur-T34A (2 μg DNA per well) and liposome-protamine (in equivalent amount with related complex) separately for 4 hrs. After 24 hrs or 48 hrs transfection, cells were analyzed by PI and Annexin V-FITC (Sigma-Aldrich, St Louis, MO, USA) staining. Apoptotic cancer cells were measured and calculated by flow cytometry (NovoCyte Flow Cytometer, ACEA Biosciences). The morphologic image of apoptotic cancer cells was taken under microscope.

Tumor growth inhibition assays in vivo {#S0002-S2010}
--------------------------------------

For abdominal cavity metastatic model, female BALB/c mice (6--8 weeks old) were intraperitoneally injected with 2×10^5^ C26 cells. On day 3, mice were divided randomly into 4 groups (5 mice per group) and marked. CLPP/mSur-T34A particles (10 μg mRNA) or CLP/pSur-T34A complexes equivalent to 5 μg of DNA were injected intraperitoneally every day for 10 treatments. Mice receiving equivalent normal saline (NS) or liposome-protamine lipoplex (CLPP) were regarded as control groups. On day 20, all mice were sacrificed and the volumes of ascites in each group were collected and measured. The tumors were also immediately harvested for further analysis.

For subcutaneous tumor model, mice were inoculated with 1.5×10^6^ C26 cells on day 0. When average tumor volume reached 50 mm^3^, mice were randomized into 4 groups (5 mice per group). CLPP/mSur-T34A particles equivalent to 10 μg of mRNA or CLP/pSur-T34A complexes equivalent to 5 μg of DNA were administrated intratumorally every day for 10 treatments. Tumor volume was calculated as (0.5× length × width^2^). On day 18, mice were killed by cervical vertebra dislocation, and their tumors were immediately harvested and analyzed.

For the pulmonary metastatic model, mice were intravenously injected with 200 μL of cell suspension containing 2×10^5^ cells C26 cells on day 0. On day 3, mice were randomized into 4 groups (4 mice per group) and injected with NS, lipoplex (liposome/protamine, 10 μg/10 μg), CLP/pSur-T34A complexes (liposome/pDNA 5 μg/5 μg) or CLPP/mSur-T34A particles (liposome/protamine/mRNA, 10 μg/10 μg/10 μg) every day for a total of 10 treatments. On day 18, mice were killed and lungs were harvested. The metastatic nodules and lung weight of C26 colon carcinoma were calculated in each group.

RT-PCR analysis {#S0002-S2011}
---------------

Real-time polymerase chain reaction (RT-PCR) was employed to measure mRNA transcription level of tumor cells or tumor tissues. Total RNA was isolated using TRIzol™ Reagent (Thermo Fisher Scientific, USA) and individual cDNAs were synthesized with Takara kit (Dalian, China) following the manufacturer's instructions. All primers are shown in [Figure S1](#SD1){ref-type="fig"}.

Western blot analysis {#S0002-S2012}
---------------------

Total proteins were extracted from tumor tissues, and protein concentrations were quantified with Bicinchoninic acid (BCA) protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). 30 μg of protein was then separated by 12% SDS-PAGE gel electrophoresis and incubated with antibodies against caspase3, caspase7, caspase9 and GAPDH (Cell Signaling Technology, Inc., Boston, MA, USA) at 4°C overnight. Horseradish peroxidase (HRP)-conjugated corresponding secondary antibody and detected with an enhanced chemiluminescence detection kit (EMD Millipore, Billerica, MA, USA).

Histological analysis {#S0002-S2013}
---------------------

Tumor tissue and main organs were harvested from in vivo experiment and embedded in paraffin. Tissue sections were dewaxed, rehydrated and subjected to Mayer's HE staining. A commercially available TUNEL kit (Promega, Madison, WI, USA) was used to analyze the apoptotic cells in tumor sections according to the manufacturer's protocol. For CD31 staining, tumor sections were blocked and subsequently incubated with anti-CD31 antibody (Abcam, Cambridge, MA, USA) at 4°C overnight. Alexa Fluor®488-conjugated secondary antibody was then applied. To analyze infiltrated immune cells within tumor tissues, tumor sections were stained with fluorescein isothiocyanate (FITC)-conjugated CD4, PE-conjugated CD8, PE-conjugated CD49b, AP-conjugated F4/80 (BD, Franklin Lakes, NJ, USA) for 1 hr at 4°C after antigen repair. To detect cytokines in tumor tissues, sections were pretreated with 0.5% triton for 20 mins, and then stained with PE-conjugated TNF-α, IFN-γ and IL-6 antibodies. Fluorescent image was visualized and captured by a fluorescence microscope (Olympus, Tokyo, Japan).

Lymph nodes from subcutaneous model were prepared and minced into small pieces to release immune cells. Collected cells were mixed with 4% paraformaldehyde, and then stained with FITC-conjugated CD4 antibody, PE-conjugated CD49b antibody or PE-conjugated CD3 antibody (BD, USA) for 30 mins at 4°C. For intracellular IFN-γ detection, cells were pretreated with 0.5% triton for 20 mins and stained with PE-conjugated IFN-γ antibody at 4°C. Related fluorescence was then analyzed by FACSCalibur flow cytometer (BD Biosciences) with FlowJo software (Treestar, Inc., Carlsbad, CA, USA).

Statistical analysis {#S0002-S2014}
--------------------

Data were expressed as the means with 95% CIs. Statistical analysis was performed with two-tailed *t-*test or one-way ANOVA using Prism 5.0c Software (GraphPad Software, La Jolla, CA, USA). For all results, statistical significance was defined by a value of \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.01.

Results {#S0003}
=======

Preparation and characterization of CLPP/mRNA particle {#S0003-S2001}
------------------------------------------------------

In this study, a CLP-protamine lipoplex system was developed to deliver survivin-T34A mRNA. The CLP used in this work was prepared as previously described.[@CIT0031] According to our results, the prepared liposome had a size of 96.2±2.8 nm with a polydispersity index of 0.12±0.01 ([Figure 1A](#F0001){ref-type="fig"}). The shape of prepared CLPs was also observed by transmission electron photomicrographs (TEM), which was consistent with the results of DLS measurement above ([Figure 1B](#F0001){ref-type="fig"}). Survivin-T34A mRNA was prepared by T7 polymerase-based in vitro transcription method with purified PCR products. The successful synthesizing of capped Survivin-T34A mRNA with poly(A) tailing was confirmed by electrophoresis ([Figure 1C](#F0001){ref-type="fig"}). Figure 1Characterization of CLPP/mRNA particles. (**A**) Size distribution of prepared cationic liposome. (**B**) TEM image of cationic liposome. (**C**) Identify of survivin-T34A mRNA by electrophoresis. (**D**) Gel retarding assay of CLPP/mSur-T34A particle. (**E**) Size distribution of CLPP/mRNA particle. (**F**) TEM image of CLPP/mRNA particle, core-shell structures could be observed. (**G**) Cell viability assay of CLPP, PEI25K and Lipo2K on 293T cells.

In our design, a CLP--protamine combination was utilized to condense and deliver IVT mRNA. To evaluate the binding ability of liposome-protamine lipoplex to survivin-T34A mRNA, a gel-retarding assay was performed. As shown in [Figure 1D](#F0001){ref-type="fig"}, when the molar ratio of liposome:protamine:mSur-T34A was 1:1:1, no bright mRNA band could be observed, suggesting that the negatively charged survivin-T34A mRNA was completely bound by CLPP lipoplex through electronic interaction. This ratio was therefore chosen for the following application in our study. According to our results, complexing of survivin-T34A mRNA with CLPP formed nanosized particles with an average size of 186.1±3.1 nm ([Figure 1E](#F0001){ref-type="fig"}). As shown by TEM image, highly condensed particles with lightly stained and ring-shaped coating structure were clearly observed ([Figure 1F](#F0001){ref-type="fig"}). Compared to CLP alone, this morphology suggested the formation of a core-shell structure in which the protamine-condensed mRNA was surrounded by lipid bilayer. Further to biophysical characterization, we then compared the cytotoxicity of CLPP lipoplex with PEI25K ("gold standard" transfection agent) and Lipofactamine^TM^2000 in vitro. As shown in [Figure 1G](#F0001){ref-type="fig"}, PEI25K demonstrated a tremendous toxicity with IC~50~\<10 μg/mL. Meanwhile, the IC~50~ value of Lipofactamine^TM^2000 \<50 μg/mL. However, CLPP lipoplex was much less toxic and their IC~50~ exceeded the concentration of 100 μg/mL, suggesting high biocompatibility.

CLPP lipoplex efficiently delivered mRNA in vitro {#S0003-S2002}
-------------------------------------------------

To evaluate the delivery ability of liposome-protamine lipoplex on IVT mRNA, EGFP-encoded mRNA was used as a reporter gene. According to our results, 6 hrs post-transfection, fluorescents could be detected in 12.1±0.9% of C26 cells. Transfection efficiencies of 24.6±1.5% and 40.3±1.6% were detected at the time point of 12 and 24 hrs post-transfection separately ([Figure 2A](#F0002){ref-type="fig"}), suggesting a quick gene expression mediated by mRNA. However, little fluorescent could be observed in liposome- or protamine-transfected well ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). Comparing to PEI25K and Lipofectamine^TM^2000, CLPP lipoplex demonstrated higher transfection efficiency than PEI25K, while less potent than Lipofectamine^TM^2000. However, when referring to the mean fluorescence intensity calculated by flow cytometry, PEI25K resulted in the highest signal among these there (1.2 times over CLPP), while CLPP lipoplex was much more potent than Lipofectamine^TM^2000 (1.8 times over Lipo2K). These results suggested that regarding mRNA delivery, CLPP is also an appropriated system. The transfection ability of CLPP on plasmid DNA was also evaluated. According to our results, PEI25K and Lipofectamine^TM^2000 demonstrated a higher delivery capacity for plasmid DNA, suggesting that CLPP was more an optimized vector for mRNA ([Figure S2A](#SD2){ref-type="fig"} and [B](#SD2){ref-type="fig"}). These results indicated that CLP--protamine lipoplex could effectively deliver IVT mRNA into C26 cells in vitro. Figure 2CLPP lipoplex efficiently delivered mRNA in vitro. (**A**) Transfection efficiency of CLPP/mRNA particle at different time point on C26 cells. (**B**) Transfection efficiencies of different vectors delivered EGFP mRNA on C26 cells (scale bars, 200 μm). (**C**) Transfection efficiency and mean fluorescence intensity calculated by flow cytometry. (**D**) Study of cell uptake mechanism of CLPP/mRNA particle with various inhibitors (scale bars, 50 μm). (**E**) Cellular internationalization rates under inhibitors detected by flow cytometry. The results are shown as mean ± SEM, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 compared to the Ctrl group by two-tailed Student's *t*-test.

The endocytosis pathways involved in the internalization process of CLPP/mRNA particle was then studied. Before transfection, C26 cells were pretreated with known biochemical inhibitors of endocytosis pathways (caveolin-mediated endocytosis, clathrin-mediated endocytosis and macropinocytosis) in which caveolae-mediated endocytosis and macropinocytosis were also defined as lipid raft-mediated pathway. According to our results ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}), pretreated cells with 2-deoxyglucose/NaN~3~ (DOG/NaN~3~) and cytochalasin D resulted in a remarkable decrease in cellular internalization, suggesting the transportation of CLPP/mRNA particles was an energy-dependent process. Meanwhile, inhibitors of macropinocytosis (amiloride and wortmannin)[@CIT0032]--[@CIT0034] and caveolin-mediated endocytosis (genistein) both resulted in \>30% decrease in mRNA uptake. Particularly, a tremendous uptake inhibition of \>96% was observed in M-β-CD treated groups, an inhibitor of lipid raft-mediated endocytosis.[@CIT0033],[@CIT0035] However, cells pretreated with chlorpromazine, an inhibitor of clathrin-mediated pathway, was almost unaffected.[@CIT0036] These results suggested that CLPP/mRNA particle was mainly internalized through lipid raft-mediated pathway.

CLPP/mSur-T34A particle efficiently inhibited tumor cell growth in vitro {#S0003-S2003}
------------------------------------------------------------------------

The anticancer ability of CLPP delivered survivin-T34A-encoded mRNA was then evaluated on C26 cells by MTT assay. According to our results, cell proliferation was obviously inhibited after incubation with CLPP/mSur-T34A particle ([Figure 3A](#F0003){ref-type="fig"}). The inhibition rate reached \>58% after 24 hrs. However, equivalent effect did not achieve by neither plasmid group nor other control groups. Meanwhile, 46% higher of inhibition rate could still be observed in CLPP/mSur-T34A group than plasmid group after 48 hrs ([Figure S3A](#SD3){ref-type="fig"}). Figure 3CLPP/mSur-T34A particles inhibited the growth of C26 colon cancer cells in vitro. (**A**) Cell growth inhibition effect of CLPP/mSur-T34A particle evaluated by MTT assay. (**B** and **C**) Inhibition effect of CLPP/mSur-T34A particles was evaluated by clonogenic assay. (**B**) On 10 days post-transfection, the numbers of clones in each well were counted. (**C**) Brightfield image of each well. (**D** and **E**) CLPP-delivered survivin-T34A mRNA efficiently induced apoptosis in C26 cells. (**F**--**I**) 24 hrs post-transfection, the mRNA levels of survivin, caspase9, -3 and -7 were analyzed by RT-PCR (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, ns represents no significant difference). For all experiments, results are shown as mean ± SEM.

The antiproliferation ability of CLPP/mSur-T34A particle was also assessed by clonogenic assay. As shown in [Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}, compared to other groups, much fewer numbers of clones were formed in CLPP/mSur-T34A particle-treated cells. These results indicated that CLPP delivered survivin-T34A mRNA was more potent than equivalent amount of plasmid counterpart. Meanwhile, protamine- or liposome-delivered survivin-T34A mRNA was also inefficient, suggesting that the CLPP lipoplex combination was critical for mRNA delivery.

The apoptosis-inducing ability of survivin-T34A gene product by activating mitochondrial-dependent apoptosis has been previously reported.[@CIT0024],[@CIT0025] Thus, we then investigated whether antiproliferation effect of CLPP/mSur-T34A particle was a result of apoptosis, and PI/Annexin V staining was performed. As shown in [Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}, 24 hrs post-transfection, much higher apoptosis was detected by flow cytometry in CLPP/mSur-T34A particle-treated cells compared to other groups. Meanwhile, distinct apoptotic morphology, including round and translucent cell morphology as well as cell fragmentation, could be observed under microscope ([Figure S3B](#SD3){ref-type="fig"}). Forty-eight hours post-transfection, the apoptosis rate further increased to 49.7%, demonstrating superior to plasmid group (Figure S3C and S3D). Meanwhile, obvious elevation of mRNA level including caspase9, caspas3 and caspas7 was also detected by RT-PCR ([Figure 3F](#F0003){ref-type="fig"}--[H](#F0003){ref-type="fig"}), further indicating the activation of mitochondrial-dependent apoptosis pathway. In particular, comparing to other groups, CLPP/mSur-T34A particle resulted in much higher intracellular survivin mRNA level (4.8-folds over CLP/pSur-T34A group, [Figure 3I](#F0003){ref-type="fig"}), which might strongly contribute to its superior anticancer ability. These results illustrated that CLPP lipoplex could efficiently deliver Survivin-T34A mRNA into C26 cells in vitro, demonstrating potent antitumor effect by inducing apoptosis.

Local delivery of CLPP/mSur-T34A particle inhibited tumor growth in vivo {#S0003-S2004}
------------------------------------------------------------------------

The anticancer capacity of CLPP/mSur-T34A particle was first assessed on C26 abdominal cavity metastases model. Tumor-bearing mice were treated with CLPP/mSur-T34A particle or CLP/pSur-T34A complex by intraperitoneal administration. According to our result, treatment with CLPP/mSur-T34A particle resulted in a significant inhibition of abdominal cavity metastases tumor growth ([Figure 4A](#F0004){ref-type="fig"}). As shown in [Figure 4B](#F0004){ref-type="fig"}, much lower weight of total metastatic nodules was observed in CLPP/mSur-T34A group (0.16±0.11 g) compared to 4.67±0.32 g in NS group, 5.12±0.26 g in CLPP group and 3.20±0.43 g in CLP/pSur-T34A group. Meanwhile, an obvious decrease was also detected in the ascites volume of CLPP/mSur-T34A particle-treated mice. In our results, the volume of ascites in mice treated with mSur-T34A particles was 0.17±0.03 mL, while that of NS group, CLPP group and CLP/pSur-T34A group was 1.23±0.1 mL, 0.90±0.15 mL and 0.80±0.10 mL, respectively ([Figure 4C](#F0004){ref-type="fig"}). Meanwhile, a subcutaneous model of C26 colon carcinoma was also set up to evaluate the therapeutic effect of CLPP/mSur-T34A particle. As shown by representative images of tumor tissues and tumor growth curve ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}), intratumoral injection of CLPP/mSur-T34A also resulted in significant therapeutic effect. According to [Figure 4F](#F0004){ref-type="fig"}, the average tumor weight of CLPP/mSur-T34A group was 0.12±0.07 g while that of NS group, CLPP group and CLP/pSur-T34A group was 0.74±0.14 g, 0.63±0.08 g and 0.32±0.05 g, respectively. Particularly, 8 doses later, overall tumor repression was achieved on one mouse in CLPP/mSur-T34A group (shown in [Figure 4D](#F0004){ref-type="fig"}). Figure 4Local delivery of CLPP/mSur-T34A particle inhibited tumor growth in two models. (**A**) Representative images of abdominal cavity metastases of C26 colon carcinoma (n=6 for each group). The arrows show the tumor nodes. (**B**) Average tumor weight in abdominal metastases model. (**C**) Average ascetic volume. (**D**) Representative images of subcutaneous xenograft of C26 colon cancer (n=4 for each group). A complete regression was observed in CLPP/mSur-T34A group (circle). (**E**) Tumor growth curves of each group(\*\*\**P*\<0.001 vs NS, \**P*\<0.05 vs CLP/pSur-T34A). (**F**) Average tumor weight. Error bars represent SEM for n=4 and \**P*\<0.05 compared to NS group, \*\**P*\<0.01 compared to CLPP group.**Abbreviation:** NS, normal saline.

To verify whether apoptosis inducing was involved in above anticancer activities, TUNEL assay was performed on tumor tissues from both models. As shown in [Figure 5A](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}, obviously more positive apoptotic cells were observed in tumor tissue sections from CLPP/mSur-T34A group. Except for TUNEL assay, CD31 staining was also performed on tumor sections. Comparing to other groups, fewer microvessel density and smaller vessel volumes could be observed in tumor tissues form CLPP/mSur-T34A group ([Figure 5A](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}), suggesting that vessel formation was obviously attenuated. Meanwhile, according to western blot and RT-PCR results, both protein and mRNA levels of caspase9, caspase3 and caspase7 were markedly increased in tumor samples treated with CLPP/mSur-T34A and CLP/pSur-T34A group ([Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}). Increased expression of actived-caspase3 and -caspase7 in mRNA group than plasmid group were also detected by WB analysis. Besides, increased mRNA levels of caspase8 and caspase10 in CLPP/mSur-T34A group were also observed compared to other groups ([Figure S3E](#SD4){ref-type="fig"} and F), which was not observed in in vitro experiment. Similar results were observed in tumor tissues from subcutaneous model ([Figures 5F](#F0005){ref-type="fig"} and [S3G](#SD3){ref-type="fig"}). In the subcutaneous model, over 50-fold mRNA level of survivin was detected in CLPP/mSur-T34A-treated group than the NS group ([Figure 5E](#F0005){ref-type="fig"}), suggesting efficient mRNA delivery to tumor tissue. Moreover, significant elevated levels of TNF-α, IFN-γ and IL-6 mRNA expression were detected in CLPP/mSur-T34A-treated groups, with over 5-fold in metastases model ([Figure 5C](#F0005){ref-type="fig"}) and over 100-fold in xenograft model ([Figure 5F](#F0005){ref-type="fig"}) compared to NS group, respectively. Altogether, these results suggested that local administration of CLPP/mSur-T34A particles could efficiently inhibit the growth of C26 colon cancer model by inducing apoptosis and antiangiogenesis in vivo. Meanwhile, mRNA formulation demonstrated superior therapeutic effect over plasmid counterpart, which was consistent with our in vitro data. Besides, no obvious pathological changes of major organs in CLPP/mSur-T34A treatment were observed by microscopic examination ([Figure S4](#SD4){ref-type="fig"}), suggesting high safety. Figure 5CLPP/mSur-T34A particles induced a significant antitumor effect in vivo. (**A**) Apoptosis-inducing and antiangiogenesis effect detected by TUNEL assay and CD31 staining in tumor tissues in abdominal cavity metastatic model (scale bars, 50 μm). (**B**) CLPP/mSur-T34A effectively induced caspase-dependent tumor apoptosis. Protein expression of activated caspase9, -3 and -7 in tumor tissues was detected. (**C**) The mRNA expression of caspase9, -3 and -7 and increased releasing of cytokines including TNF-α, IFN-γ and IL-6 were detected by RT-PCR. (**D**) Apoptosis and vessels in tumor tissues also evaluated by TUNEL assay (up) and CD31 staining (down) in subcutaneous xenograft (scale bars, 100 μm). (**E**) Relative expression of survivin in tumor tissue of each group (\*\*\**P*\<0.001 vs NS). (**F**) Elevated mRNA levels of caspase9, -7, -3, TNF-α, IFN-γ and IL-6 were measured by RT-PCR. All data are reported as mean ± SEM (Student's *t-*test, \*\*\**P*\<0.001, \*\**P*\<0.01, \**P*\<0.05).**Abbreviation:** NS, normal saline.

Systemic delivery of CLPP/mSur-T34A particle inhibited pulmonary metastatic model in vivo {#S0003-S2005}
-----------------------------------------------------------------------------------------

A C26 pulmonary metastatic animal model was also utilized to test the antitumor efficacy of CLPP/mSur-T34A in vivo. Particularly, for this study, the CLPP/mSur-T34A particle was administrated by intravenous injection. According to our results, treatment with CLPP/mSur-T34A resulted in a significant inhibition of pulmonary metastatic tumor growth ([Figure 6A](#F0006){ref-type="fig"}). As shown by lung tissue section, the lungs of mice in CLPP/mSur-T34A group showed fewer pulmonary metastatic nodules than other groups ([Figure 6B](#F0006){ref-type="fig"}). CLPP/mSur-T34A particles exhibited a statistically significant reduction in the weight of lung comparing to other groups, as indicated with 0.19±0.01 g versus 0.42±0.03 g in NS group, 0.39±0.03 g in CLPP group and 0.36±0.07 g in CLP/pSur-T34A group ([Figure 6C](#F0006){ref-type="fig"}). The numbers of the pulmonary metastatic nodules in each group were also calculated, as presented in [Figure 6D](#F0006){ref-type="fig"}. The metastatic nodules in CLPP/mSur-T34A group were much fewer than other groups (mean number of 27 vs 122 in controls, \*\*\**P*\<0.001; 121 in CLPP group, \*\*\**P*\<0.001; 105 in CLP/pSur-T34A group, \*\**P*\<0.01). The inhibition rate of CLPP/mSur-T34A treatment group reached 78%, which was 64% higher than plasmid-treated group ([Figure 6E](#F0006){ref-type="fig"}). This indicates that intravenous application of CLPP/mSur-T34A particles can efficiently inhibit the growth of pulmonary metastases model of C26 colon carcinoma in vivo. Figure 6Systemic delivery of CLPP/mSur-T34A particles inhibited pulmonary metastases of C26 colon cancer. (**A**) Representative images of lung tissues harvested from animals after systemic treatments (n=4 for each group). (**B**) HE staining of lungs bearing metastases of C26 colon carcinomas in each treatment group (scale bars, 200 μm). Arrows indicate metastases modules in lung tissue. (**C**) Weight of lungs bearing pulmonary metastases (\*\*\**P*\<0.001 vs NS; \*\**P*\<0.01 vs CLPP). (**D**) Number of pulmonary metastatic nodules in each treatment group. (**E**) Inhibition rate calculated by the number of pulmonary metastases according to the number of pulmonary metastases. In this experiment (n=4 for each group, \*\*\**P*\<0.001 vs NS, \*\*\**P*\<0.001 vs CLPP, \*\**P*\<0.01 vs CLP/pSur-T34A). (**F**) Apoptosis inducing detected by TUNEL assay. Tumor-rich regions are indicated by arrow direction (scale bars, 100 μm).**Abbreviation:** NS, normal saline; Fluor, fluorescence.

To evaluate the apoptosis induced by each treatment, TUNEL assay was performed on lung tissue samples. According to our results, CLPP/mSur-T34A group induced larger area of apoptosis than other groups ([Figure 6F](#F0006){ref-type="fig"}). Compared with CLPP/mSur-T34A particle, plasmid group showed lower antitumor effect and induced less apoptosis than mRNA group. These results demonstrated that the efficient anticancer ability of CLPP/mSur-T34A particles could be achieved both through local and systemic delivery. Meanwhile, CLPP/mSur-T34A particle also successfully demonstrated superior therapeutic capacity than its plasmid counterparts in these two administration methods.

CLPP/mSur-T34A activated antitumor immune response in microenvironment {#S0003-S2006}
----------------------------------------------------------------------

As a primary immune-competent cell, tumor-infiltrating lymphocytes (TILs) are considered to be the manifestation of host antitumor reaction.[@CIT0037] According to our results, CLPP/mSur-T34A particles showed obvious antitumor efficiency in various C26 colon cancer models. Thus, we investigated whether the activation of TILs in tumor microenvironment was involved in the process. In this study, immunofluorescence was used to measure the levels of TNF-α, IFN-γ and IL-6 in tumor tissues. As shown in [Figure 7A](#F0007){ref-type="fig"}, immunofluorescence assay demonstrated enhanced secretion of TNF-α, IFN-γ and IL-6 cytokine in CLPP/mSur-T34A group. Furthermore, mRNA group resulted in higher cytokine production behavior than plasmid group, suggesting stronger immune cell activation in tumor microenvironment. Therefore, the infiltration of macrophages, CD4^+^ T cells, CD8^+^ T cells and NK cells in tumor samples was also evaluated in the study. According to our results, after the treatment of CLPP/mSur-T34A particle, the population of CD4^+^ T cells, CD8^+^ T cells, NK cells and macrophages was obviously increased in tumor area ([Figure 7A](#F0007){ref-type="fig"} and B). In addition, immune cells in lymph nodes from xenograft animal model were also analyzed by flow cytometry. As shown in [Figure 7C](#F0007){ref-type="fig"}, compared to NS group, the proportion of CD3^+^/CD4^+^/IFN-γ^+^ T cells increased by 2-fold in CLPP/mSur-T34A particle group. Besides, the increasing amounts of F4/80^+^ macrophages (4.8% vs 1.1% NS group) and CD3^−^/CD49b^+^ NK cells (1.03% vs 0.67% NS group) were also detected ([Figure 7D](#F0007){ref-type="fig"}--[F](#F0007){ref-type="fig"}). Our results further suggested that along with apoptosis-inducing, immune activation, especially tumor microenvironment regulation also contributed to the potential anti-cancer effect of CLPP delivered survivin-T34A mRNA. Figure 7Activation of antitumor immune response by CLPP/mSur-T34A particle. (**A**) The infiltration of immune cells in abdominal cavity metastatic tumor tissues were detected by immunofluorescence staining. (**B**) The fluorescent images of CD4^+^ T cells, CD8^+^ T cells, CD49b^+^ NK cells and F4/80^+^ macrophages in tumor tissues from subcutaneous xenograft tumor model. (**C**--**F**) Lymph node-derived immune cells from subcutaneous xenograft tumor model were analyzed. Flow cytometry analysis of CD3^+^/CD4^+^/IFN-γ^+^ T cell, NK cell and macrophages. All data are reported as mean ± SEM and \*\*\**P*\<0.001, \*\**P*\<0.01, \**P*\<0.05 (two-tailed Student's *t*-test).**Abbreviation:** NS, normal saline.

Discussion {#S0004}
==========

In this work, a liposome-protamine lipoplex was developed to deliver survivin-T34A encoded mRNA ([Figure 8](#F0008){ref-type="fig"}), resulting in a new mRNA-based formulation for colon cancer gene therapy. The prepared nanosized CLPP/mRNA particles demonstrated obvious therapeutic effects on various models of C26 colon cancer both in vitro and in vivo. Particularly, local and systemic administration of CLPP/mRNA particle exhibited superior antitumor effect regarding its DNA plasmid counterpart with high safety. Our results suggested that liposome-protamine lipoplex-delivered survivin-T34A mRNA is a potential candidate for colon cancer therapy. Figure 8Schematic view of CLPP-based mRNA delivery.

It is widely acknowledged that delivery system plays a critical role in gene delivery, especially for mRNA. Efficient and safe delivery of therapeutic mRNAs remains one of the major challenges for their further application. The characteristics of mRNA with flexible linear structure and instability make it highly dependent on delivery system to further condense and protect mRNA.[@CIT0038]--[@CIT0040] Most recently, mRNA-based therapeutics was benefited from the rapid progress of delivery methods. For example, Choi et al used the graphene oxide-polyethylenimine complexes (polymers) to deliver mRNAs encoding four reprogramming transcription factors and successfully generated induced pluripotent stem cells from adipose tissue-derived fibroblasts.[@CIT0041] Li et al applied the recombinant coat protein of bacteriophage MS2 to deliver granulocyte-macrophage colony stimulating factor mRNA and protected mice against prostate cancer.[@CIT0042] Other studies using lipid or lipid-derived particles for mRNA delivery were also reported.[@CIT0013],[@CIT0014],[@CIT0043] These efforts greatly contributed to the further development and application of therapeutic mRNA. Currently, mRNA-based therapeutics mainly focuses on ex vivo transfection and local administration in preclinical and clinical studies. However, it is crucial that therapeutic nucleic acid substances such as mRNAs could be administrated systemically, which would then facilitate the expansion of gene therapy application. Thus, improved vectors are always required. In the present study, the prepared liposome-protamine lipoplex demonstrated high mRNA delivery efficiency up to 40%, resulting in strong anticancer ability through i.p. and i.t. administration on C26 colon cancer models. More importantly, this formulation was also successfully applied in a systemic way by intravenous injection. According to our results, compared with the control group, i.v. administration of CLPP/survivin-T34A particles significantly reduced the incidence and development of lung metastasis with an inhibition rate of 78%. Meanwhile, no obvious pathological damage was observed in the main organs, suggesting its high safety. These results fully demonstrated its safety and delivery ability of mRNA during local and systemic cancer therapy, which might probably attribute to the two formulation components. Within the lipoplex, protamine condensed mRNA into a solid core, while liposome offered a lipid bilayer shell to form a core-shell structure. Upon delivery, this protective strategy prevented mRNA from degradation by ribozymes and promoted high gene expression efficiency. Therefore, the combination of liposome-protamine lipoplex is a good candidate for mRNA delivery with high potential.

As an alternative form of nucleic acid therapeutics, mRNA has demonstrated potential value in gene therapy application. Compared with plasmid DNA-based therapy, mRNA has a series of theoretical advantages such as compressible and flexible structure, rapid protein expression, high safety and reduced structural elements.[@CIT0014],[@CIT0017] These properties make mRNA an advanced choice for gene delivery. However, few studies have been reported regarding the comparison of plasmid DNA and mRNA in the issues of delivery and therapy, especially by multiple delivery methods. In this study, we compared the therapeutic effects of suicide gene survivin-T34A in the form of DNA and mRNA on various C26 colon cancer models. Our results showed that CLPP delivered survivin-T34A mRNA illustrated better antitumor effect over DNA group both in vivo and in vitro. Particularly, by intravenous injection, mRNA group showed an enhanced inhibiting on C26 lung metastasis tumor compared to plasmid group, showing high superiority. According to our results, after 10 treatments, the result was a 64% higher inhibition rate over in C26 metastasis nodule number. Meanwhile, 40.7% lower lung weight could be observed in the CLPP/mRNA group compared to its plasmid counterpart. Several reasons might account for the advances of mRNA-based gene therapy in our present work. For example, owing to their own structures, the size differences between DNA and mRNA might lead to divergences in gene delivery efficiencies. In this work, our results demonstrated that mRNA group was superior to DNA group in both apoptosis-inducing and antiproliferation in vitro. For this issue, inequivalent molar mass of coding sequence might be one explanation since plasmid has much more none-therapeutic sequences. Second, it takes more processes for plasmid DNA than mRNA before expected protein expression, since nuclear localization and transcription is necessary. This allows mRNA to induce its effect more rapidly than DNA. However, in another aspect, factors such as production difficulty, costs as well as the function of extra elements in plasmid should not be omitted when compared these two. Meanwhile, plasmid DNA might be more convenient for scaled production considering current technology for in vitro mRNA transcription. Nevertheless, it has been reported that CpGs products from plasmid backbone might stimulate immunogenicity along with gene expression. Thus, mRNA-based therapy not only offers a more flexible gene delivery strategy, but also provides a comparably safer choice regarding the "backbone effect" of plasmid DNA. Overall, our results successfully demonstrated that liposome-protamine lipoplex-delivered survivin-T34A mRNA was more potent than its plasmid counterpart, showing strong potential in further colon cancer therapy.
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CLP, liposome; CLPP, liposome-protamine lipoplex; mSur-T34A, survivin-T34A mRNA; pSur-T34A, survivin-T34A plasmid DNA; mEGFP, EGFP mRNA; pEGFP, EGFP plasmid DNA; Lipo2K, Lipofectamine^TM^2000; i.t., intratumoral injection; i.p., intraperitoneal injection; IVT, in vitro transcribed; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ.
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![Primer sequences.](IJN-14-2733-s0001){#SD1}

![Comparison of plasmid-based gene delivery by different vectors on C26 cells. (**A**) Images of transfected cells with different materials. (**B**) Transfection efficiencies calculated by flow cytometry.\
**Abbreviation:** Fluor, fluorescence.](IJN-14-2733-s0002){#SD2}

![CLPP/mSur-T34A particles efficiently inhibited the growth of C26 cancer cells in vitro. (**A**) Evaluation of cell growth inhibition by CLPP/mSur-T34A particles after 48 hrs. (**B**) The change of cell morphology in each group. (**C** and **D**) 48 hrs post transfection, CLPP-delivered survivin-T34A mRNA efficiently induced apoptosis in C26 cells. (**E** and **F**) In abdominal cavity metastases, treatment with CLPP/mSur-T34A particles increased the mRNA level of caspase8 and caspase10 in tumor tissue. (**G**) In subcutaneous xenograft model, treatment with CLPP/mSur-T34A particles increased the mRNA level of caspase8 in tumor tissue. All data are reported as mean ± SEM and \*\*\**P*\<0.001, \*\**P*\<0.01, \**P*\<0.05 (two-tailed Student's *t-*test).\
**Abbreviation:** NS, normal saline.](IJN-14-2733-s0003){#SD3}

![HE analysis of main organs from each treatment group, no obvious pathological changes were observed (magnification =200×).](IJN-14-2733-s0004){#SD4}
